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In  this  work  water  crossover  between  anode  and  cathode  compartments  of  a  PEM  fuel  cell  was  studied.  A 
net  water  transport  from  cathode  to  anode  under  zero  current  was  observed  when  the  fuel  cell  was 
operated  with  saturated  and  oversaturated  gases  on  anode  and  cathode,  respectively.  An  additional 
pressure  gradient  of  0.5  bar  from  anode  to  cathode  showed  no  significant  influence  on  water  crossover 
rate.  The  relevance  of  these  observations  to  Schroder’s  Paradox  as  well  as  implications  for  the  expla¬ 
nation  of  water  crossover  results  in  a  running  fuel  cell  are  discussed. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  water  content  of  polymer  electrolyte  membranes  (PEMs)  is 
well  known  to  be  important  to  the  internal  resistance  of  PEM  fuel 
cells,  while  the  water  content  is  in  turn  dependent  on  the  envi¬ 
ronment  the  membrane  is  exposed  to  [1],  A  frequently  used 
empirical  relationship  between  the  equilibrium  water  content  of 
Nafion®  at  30  °C  was  derived  by  Zawodzinski  et  al.  [2],  which 
showed  that  the  water  content  increased  with  increasing  relative 
humidity.  At  equilibrium,  the  water  content  in  the  membrane 
exposed  to  liquid  water  was  higher  than  the  water  content  in  the 
membrane  exposed  to  saturated  vapour,  despite  the  fact  that  liquid 
water  was  in  thermodynamic  equilibrium  with  saturated  vapour 
[2],  This  phenomenon  is  known  as  Schroder’s  Paradox,  and  has 
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been  interpreted  in  different  ways.  Using  an  in-situ  balance,  Onishi 
et  al.  [3]  showed  that  only  the  thermal  history  of  the  membrane  but 
not  the  water  activity  (which  equals  one  for  saturated  vapour  and 
liquid  water)  was  responsible  for  the  amount  of  water  uptake.  They 
attributed  the  occurrences  of  Schroder’s  Paradox  reported  in  the 
literature  to  differences  in  experimental  conditions,  membrane 
thermal  history  and  equilibration  time.  Jeck  et  al.  [4]  employed  an 
inverse  microscope  combined  with  a  confocal  Raman  spectrometer 
to  measure  water  contents  within  Nafion®  membranes.  They  were 
able  to  obtain  an  isotherm  of  Nafion®  water  adsorption  in  liquid 
water  which  overlays  on  the  one  in  water  vapour,  by  adding  poly¬ 
vinylpyrrolidone  to  decrease  liquid  water  activity. 

Vallieres  et  al.  [5]  suggested  the  Schroder’s  Paradox  can  be 
explained  by  considering  the  existence  of  two  points  of  stability 
leading  to  different  equilibrium  water  contents  in  liquid  and  vapour 
environments.  Choi  and  Datta  [6]  derived  models  assuming  that 
there  is  an  additional  capillary  pressure  between  water  in  the  pores 
of  the  membrane  and  the  vapour  (but  not  liquid  water)  outside  the 
membrane.  This  affects  the  force  balance  of  the  vapour  equilibrated 
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system,  which  limits  water  uptake  and  hence  the  Paradox.  Weber 
and  Newman  [7]  added  the  effect  of  capillary  pressure  into  trans¬ 
port  models.  Bass  and  Freger  [8]  constructed  an  isotherm  of  liquid 
and  vapour  water  adsorption  showing  discrepancies  across  the 
range  of  water  activities  studied  and  the  discrepancies  were  even 
larger  than  those  predicted  by  the  Choi  and  Datta  [6]  model. 
Nation®  surface  rearrangement  is  also  a  possible  explanation  to  the 
Paradox,  which  leads  to  higher  resistance  in  water  adsorption  when 
contacting  water  vapour  compared  to  liquid  water  [9],  which  limits 
water  uptake. 

Most  of  the  studies  mentioned  above  focused  on  bare 
membranes  under  ex-situ  conditions.  On  the  other  hand,  in 
a  functional  PEM  fuel  cell,  the  preparation  of  the  membrane  elec¬ 
trolyte  assemblies  (MEAs)  inevitably  induces  thermal  stresses  and 
therefore  the  water  adsorption  and  transport  behaviour  of  the 
membrane  in  MEAs  could  also  be  affected.  The  aim  of  this  work  is  to 
study  the  response  of  water  transport  across  an  MEA  to  saturated 
and  oversaturated  (i.e.  2-phase  liquid  water/gas  mixture)  vapour  in 
an  actual  fuel  cell  environment.  In  addition,  interpretation  of  water 
crossover  data  from  a  running  fuel  cell  in  relation  to  the  paradox 
would  also  be  included. 


2.  Experimental 


A  single  cell  with  a  MEA  prepared  using  in-house  standard 
procedures  was  tested.  The  MEA  consisted  of  a  catalyst  coated 
Nafion®  NRE  211  membrane  sandwiched  between  two  Toray 
GDLs.  The  assembly  was  hot  pressed  over  the  glass  transition 
temperature  of  the  membrane  in  order  to  bond  the  components 
together.  The  active  area  of  the  MEA  was  50  cm2.  The  MEA  was 
then  put  into  the  cell  and  conditioned  by  passing  through  satu¬ 
rated  hydrogen  and  air  streams  (at  100%  relative  humidity,  RH)  in 
the  anode  and  cathode  channels  respectively  for  12  h  at  60  °C 
and  2.3  bara. 

All  experiments  were  carried  out  at  60  °C.  For  the  sake  of 
comparison,  we  define  the  ‘RH’  of  an  oversaturated  two-phase  flow 
of  water  in  a  dry  gas  stream  to  be  >100%,  as  in  equation  ( 1 ),  which  is 
also  applicable  to  under-saturated  and  saturated  streams  with 
RH  <  100%. 


(1) 


shown,  (a)  Configuration  for  'normal  mode’  measurements,  when  the  water  crossover 
rate  for  the  fuel  cell  is  measured,  (b)  Configuration  for  the  ‘calibration  mode’,  when 
liquid  water  from  the  main  syringe  pump  is  fed  directly  to  mix  with  the  dilution  gas 
from  MFM  and  then  analyzed  by  the  infrared  analyzer  as  a  reference  reading,  while  the 
backup  pump  provides  humidified  flow  to  maintain  steady  conditions  at  the  cell.  The 
outlet  gases  from  the  cell  are  purged  to  the  vent.  Reprinted  from  Journal  of  Power 
Sources,  196,  pp.  9437-9444,  Copyright  (2011)  with  permission  from  Elsevier. 


yH2Q,out,A  /  »MFM,A  +  »MFC.A  \ 
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During  the  experiments,  a  saturated  hydrogen  stream  (with 
a  RH  of  100%)  was  passed  through  the  anode  channels  while  the 
relative  humidity  of  the  air  stream  in  the  cathode  channels  varied 
from  0%  to  300%.  The  flow  rates  of  both  streams  were 
1.49  x  10-3  mol  s"1  on  a  dry  basis.  No  current  was  drawn  in  these 
experiments  so  the  effects  of  water  and  heat  generation  were 
eliminated.  The  water  crossover  between  anode  and  cathode 
through  the  membrane  was  measured  using  the  set-up  described 
in  previous  publications  [10],  The  outlet  streams  at  the  anode  were 
diluted  to  vaporize  any  liquid  water  prior  to  water  content 
measurement  by  an  infrared  sensor  (Fig.  la).  The  sensor  was  cali¬ 
brated  against  the  same  pump  humidifying  the  streams  right 
before  each  steady  state  measurement  (Fig.  lb).  The  reading  at  the 
infrared  sensor  was  steady  after  10  min.  Steady  state  readings  from 
the  flowmeters  and  infrared  sensor  was  averaged  across  a  15  min 
time  span  to  calculate  the  dry  gas  flow  hMFM  ca[  A  and  infrared 
reading  yH2o,cai,A  during  calibration;  while  a  50  min  averaging  was 
used  to  yield  gas  flows  hMFM  A  and  hMFC  A  and  infrared  reading 
yH2o,0ut  a  during  experimentation.  The  water  crossover  rate  hH2o  x,a 
and  the  corresponding  overall  water  crossover  flux  Jh2o,x  over  an 
area  A  were  further  calculated  using  a  mass  balance: 


(3) 


We  define  water  crossover  to  be  positive  from  the  anode 
channel  to  the  cathode  channel  as  the  convention  used  in  this 
article.  A  negative  value  of  water  crossover  indicates  water  flows 
from  the  cathode  channels  to  the  anode  channels  and  a  positive 
value  shows  water  flows  from  anode  channels  to  cathode 
channels. 


3.  Results  and  discussion 

Fig.  2  shows  the  water  crossover  fluxes  from  anode  to  cathode 
while  the  cathode  inlet  RH  is  varied.  The  anode  inlet  RH  is  100%  for 
all  data  points.  The  pressure  at  both  sides  is  kept  the  same  at 
2.3  bara.  When  the  cathode  RH  is  less  than  100%  the  water  cross¬ 
over  flux  is  positive,  meaning  water  is  transported  from  anode  to 
cathode  which  can  be  easily  explained  by  the  presence  of  a  water 
vapour  concentration  gradient.  For  oversaturated  cathode  feeds, 
the  water  crossover  rate  ranges  from  -2.4  x  10-7 
to  -3.6  x  10-7  mol  cm-2  s_1.  Water  is  transported  from  the  cathode 
to  anode.  The  possibility  of  a  systematic  error  by  the  equipment  is 
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Fig.  2.  Water  crossover  flux  through  the  MEA  at  zero  current  density.  Negative  values 
indicate  water  transfer  from  cathode  back  to  anode.  Solid  symbols  are  results  obtained 
in  an  ascending  cathode  RH  sweep,  hollow  symbols  are  those  obtained  in  a  descending 
cathode  RH  sweep.  T  =  60  °C,  PA  =  2.30  bara,  Pc  =  2.30  bara,  RHln,A  =  100%,  H2  flow 
rate  =  1.49  x  10  3  mol  s  ',  N2  flow  rate  =  1.18  x  10  3  mol  s  ',  02  flow 
rate  =  3.13  x  10  4  mol  s  Error  bars  indicate  the  pooled  standard  deviation  estimator 
as  described  in  equation  (10). 


very  small  because  the  inlet  and  outlet  terms  in  equation  (2)  are 
derived  from  the  same  humidification  pump.  The  maximum  error 
in  water  crossover  for  different  MEAs  measured  by  the  equipment 
was  reported  by  Yau  et  al.  [11]  as  1.7  x  10-7  mol  cm-2  s_1,  which 
would  be  much  smaller  than  measured  water  crossover  values  in 
this  work  as  the  same  MEA  is  used  throughout.  This  is  supported  by 
the  water  crossover  flux  at  100%  RH  both  on  the  anode  and  cathode 
compartment,  which  is  very  close  to  zero. 

The  values  for  oversaturated  conditions  are  also  significantly 
different  from  the  value  under  saturated  conditions 
(RHa  =  RHc  =  100%)  as  the  corresponding  t  statistic  is  9.53  and  9 
degrees  of  freedom  using  the  pooled  variance  estimation,  which 
shows  that  this  is  not  likely  resulted  from  random  errors 
(P  =  1.2  x  10-5)  (Please  refer  to  the  appendix  for  the  statistics 
calculations).  Water  is  observed  to  pass  through  from  the  over¬ 
saturated  cathode  side  to  the  saturated  anode  side,  indicating  that 
the  liquid  water  present  in  the  cathode  channels  promotes  water 
transfer  towards  the  anode  side.  Hydraulic  forces  are  not  significant 
in  this  experiment,  because  the  pressure  on  both  sides  of  the 
membrane  is  kept  the  same  at  2.3  bara.  On  the  other  hand, 
assuming  that  water  diffusion  through  the  membrane  is  the 
dominant  transport  mechanism,  at  the  anode  interface  where 
water  is  rejected  from  the  membrane,  the  water  content  in  the 
membrane  /.A  has  to  be  greater  than  the  equilibrium  water  content 
'ieqm.vapour  [12,13].  Or,  according  to  Springer  et  al.  [14],  the  interface 
water  content  is  in  equilibrium  with  its  environment.  In  either 
model,  the  following  is  guaranteed: 


(Ac-aa)>o 

Therefore 


(6) 


(Aeqm, liquid  -^eqm, vapour)  -  [  (Aeqnliliqujd  -  Ac)  +  (AC-  AA)  + 


(4 


which  is  the  mathematical  form  of  Schroder’s  Paradox  in  the 
membrane. 

In  Fig.  2  the  effect  of  membrane  humidification  history  on  water 
transport  is  also  illustrated.  The  solid  symbols  represent  data  from 
an  experiment  with  ascending  cathode  RH,  while  hollow  symbols 
represent  data  from  the  descending  RH  experiment  which  follows 
immediately  after  the  ascending  run.  In  principle,  if  the  humidifi¬ 
cation  history  of  the  membrane  imposes  a  long  term  effect  on  water 
transfer,  there  should  be  some  degree  of  hysteresis  with  more 
water  transported  to  the  anode  side  during  descending  RH  exper¬ 
iments.  However,  by  carrying  out  a  paired  t  test,  no  statistically 
significant  difference  is  found  between  the  two  sets  of  corre¬ 
sponding  ascending  and  descending  water  crossover  data  (t 
statistic  =  0.505,  degree  of  freedom  —  17,  P  —  0.620).  This  shows 
that  the  above  results  are  not  an  artefact  caused  by  how  the 
membrane  is  hydrated  and  hence  the  consistency  of  the  results. 

It  should  be  noted  that  the  magnitudes  of  the  water  transfer 
fluxes  at  oversaturated  test  conditions  are  smaller  than  the  fluxes 
obtained  with  a  cathode  RH  of  75%  or  lower.  On  the  contrary, 
Adachi  et  al.  (2009)  found  that  when  the  membrane  was  exposed  to 
liquid  water  on  one  side  and  water  vapour  on  the  other,  the 
crossover  flux  was  a  few  times  higher  than  that  obtained  with 
water  vapour  on  both  sides  of  the  membrane.  A  possible  explana¬ 
tion  to  our  findings  is  as  follows.  The  GDL  is  hydrophobic,  so  little 
liquid  water  in  the  oversaturated  cathode  channels  can  reach  the 
membrane  interface.  Therefore  only  a  small  part  of  the  membrane 
experiences  a  higher  flux  caused  by  the  Schroder’s  Paradox;  while 
the  other  parts  have  virtually  no  water  crossover  under  a  zero  RH 
gradient.  It  is  reminded  that  the  overall  water  crossover  flux  re¬ 
ported  in  Fig.  2  is  averaged  all  over  the  area  of  the  membrane  and 
hence  a  relatively  small  overall  flux  is  observed.  More  investiga¬ 
tions  are  required  to  find  out  the  cause  of  such  results. 

The  effect  of  total  gas  pressure  on  water  transport  between 
saturated  and  oversaturated  channels  is  illustrated  in  Fig.  3.  No 
significant  difference  in  water  crossover  flux  is  observed  for  over¬ 
saturated  feeds  even  when  the  anode  pressure  is  reduced  from  2.3 
bara  to  1.8  bara  as  suggested  by  a  paired  t  test  (t  value  =  0.015, 
degree  of  freedom  =  9,  P  =  0.988).  No  additional  water  is  driven 
from  the  cathode  to  the  anode  even  under  a  pressure  difference  of 
0.5  bar  across  the  membrane.  The  additional  capillary  pressure  Pcap 
brought  by  the  condensed  water  in  the  pores  at  the  membrane- 
vapour  interface  can  be  calculated  by  the  following  equation  in 
Choi  and  Datta  (2003)  [6] 


(Aa  —  Aeqm, vapour)  >  0  (4) 

Similarly,  at  the  cathode  interface  the  membrane  water  content 
Ac  is  no  more  than  the  equilibrium  water  content  Aeqm, liquid  such 
that  adsorption  of  water  occurs: 

(Aeqm, liquid  —  Ac)  >  0  (5) 

The  transport  of  water  within  the  membrane  from  the  cathode 
interface  to  the  anode  interface  implies  that 


PQP  =  (&cos»)x(l+^])  (8) 

where  Vmem  and  l/H2o  are  the  molar  volumes  of  the  membrane  and 
water,  respectively.  With  a  contact  angle  8  of  98°,  surface  tension  a 
of  0.0721  N  m-1,  specific  pore  surface  area  S  of  210  m2  cm-3,  and 
water  content  A  of  14  as  given  by  Choi  and  Datta  [6],  Pcap  is  esti¬ 
mated  to  be  66  bar  which  is  enormously  high.  If  this  pressure 
difference  of  66  bar  is  responsible  for  Schroder’s  Paradox  [6],  the 
pressure  difference  of  0.5  bar  in  our  experiments  is  negligible  in 
changing  the  pressure  balance  within  the  pore/vapour  interface. 
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Fig.  3.  Water  crossover  flux  through  the  MEA  at  zero  current  density.  Negative  values 
indicate  water  transfer  from  cathode  back  to  anode.  Solid  symbols  are  results  obtained 
at  PA  =  2.30  bara,  hollow  symbols  are  those  obtained  at  PA  =  1.80  bara.  T  =  60  °C, 
Pc  =  2.30  bara,  RHinA  =  100%,  H2  flow  rate  =  1.49  x  10'3  mol  s'1,  N2  flow 
rate  =  1.18  x  10'3  mol  s'1,  02  flow  rate  =  3.13  x  10'4  mol  s'1. 

Therefore  no  change  in  water  crossover  flux  can  be  observed  if  the 
Schroder’s  Paradox  exists. 

A  possible  explanation  for  our  experimental  results  is  that  the 
Nation®  membrane  restructures  itself  when  contacting  liquid  water 
to  become  more  surface  hydrophilic  [15],  This  can  open  up  more 
access  to  the  hydrophilic  pores  in  the  membrane  by  better  swelling, 
therefore  a  higher  water  content  could  be  achieved  at  that  inter¬ 
face,  producing  a  concentration  gradient  across  the  membrane.  The 
ejection  of  water  at  the  anode  interface  could  be  explained  by  the 
difference  between  the  membrane  water  content  and  the  equilib¬ 
rium  water  content  with  saturated  vapour  at  the  interface. 
Extending  this  argument  to  an  equilibrium  situation,  it  may  be 
deduced  that  the  presence  of  more  accessible  channels  gives  rise  to 
a  higher  final  water  content  within  the  membrane,  leading  to 
a  discrepancy  in  equilibrium  water  contents  of  the  membrane  in 
contact  with  liquid  water  and  saturated  vapour. 

Schroder’s  Paradox  may  also  explain  the  water  transport  behav¬ 
iour  in  operating  fuel  cells  as  shown  in  Fig.  4  [11],  A  MEA  with 
a  microporous  layer  on  both  anode  and  cathode  sides  or  with 
a  microporous  layer  on  anode  side  only  was  subjected  to  polarization 
tests  along  with  water  crossover  measurements.  The  cathode  feed  is 
at  100%  RH  and  the  inlet  RH  at  the  anode  is  75%.  More  and  more 
water  is  transported  from  the  cathode  side  to  the  anode  side  when 
the  current  density  increased  from  0  up  to  a  current  density  of 
2  A  cm  2.  At  zero  current  density,  the  water  crossover  flux 
(-1.2  x  10~6  mol  cm-2  s-1)  is  much  larger  in  magnitude  compared  to 
the  corresponding  value  in  Fig.  2  (4  x  10-7  mol  cm-2  s_1 ).  This  may  be 
due  to  the  fact  that  the  anode  flow  rate  (4.46  x  10-3  mol  s_1)  is  larger 
than  the  cathode  flow  rate  (3.72  x  10-3  mol  s'1)  in  Fig.  4,  while  in 
Fig.  2  the  flow  rates  at  both  sides  are  the  same  at  1.49  x  10-3  mol  s_1. 
This  may  lead  to  a  draw  of  water  towards  the  anode  side  due  to 
convection.  The  effect  of  flow  rate  difference  on  both  sides  of  the  MEA 
is  not  considered  in  this  article  and  may  be  of  interest  to  be  studied  in 
future.  Similar  results  have  been  reported  by  Adachi  et  al.  [16]  using 
saturated  cathode  feed  and  40%  RH  at  the  anode  feed.  The  effect  of 
hydraulic  pressure  is  not  evident,  because  removing  the  microporous 
layer  on  the  cathode  side  of  the  membrane  does  not  significantly 
affect  the  flow  of  water  across  the  membrane  [  11  ].  The  hypothesis  of 
Schroder’s  Paradox  allows  water  generated  by  the  electrochemical 
reaction  to  enter  the  membrane  and  transport  to  the  anode  side 
through  a  concentration  gradient,  even  if  the  cathode  channels  are 
saturated  with  water  vapour.  This  would  be  more  evident  if  the  anode 


Fig.  4.  Water  crossover  flux  (measured  from  anode)  against  current  density.  Negative 
values  indicate  water  transfer  from  cathode  back  to  anode.  Results  are  the  average 
from  two  replicates.  MEA  construction  on  the  cathode  side  is  as  indicated.  The 
microporous  layer  is  present  in  all  experiments.  T  =  70  °C,  PA  =  2.30  bara, 
Pc  =  2.30  bara,  RHinA  =  75%,  RHinC  =  100%,  H2  flow  rate  =  4.46  x  10'3  mol  s'1,  N2  flow 
rate  =  2.94  x  10'3  mol  s'1,  02  flow  rate  =  7.81  x  10'4  mol  s'1.  Error  bars  indicate  the 
difference  in  readings  between  the  two  replicates;  solid  symbols  may  cover  the  whole 
error  bar.  Reprinted  from  Journal  of  Power  Sources,  196,  pp.  9437—9444,  Copyright 
(2011 )  with  permission  from  Elsevier. 

feed  is  also  saturated  and  the  diffusion  gradient  across  the  membrane 
is  zero,  as  shown  in  Fig.  7(a)  in  Kim  et  al.  [17]  Both  anode  and  cathode 
GDLs  are  identical,  and  the  net  water  transport  coefficient  is  negative 
(i.e.  water  is  transported  from  cathode  to  anode)  while  significant 
electro-osmotic  drag  is  supposed  to  be  present.  Secondly,  liquid 
water  is  more  readily  absorbed  into  the  membrane  compared  to  water 
vapour  [9,13,16,18],  This  also  contributes  to  higher  water  content  at 
the  cathode  interface  compared  to  the  anode  interface  which  favours 
back  diffusion.  In  addition,  if  one  considers  that  the  cathode  potential 
loss  is  translated  into  heat  generation,  the  membrane  is  significantly 
hotter  on  the  cathode  side.  Water  would  be  dragged  towards  the 
colder  anode  side,  which  is  known  as  thermo-osmotic  drag  [19],  All 
three  phenomena  listed  above  can  provide  insights  in  explaining  the 
experimental  results  shown  in  Fig.  4. 

4.  Conclusions 

The  transport  of  water  between  the  anode  and  cathode  sides  of 
a  MEA  without  a  current  load  was  measured  at  different  inlet 
humidification  levels  and  gas  pressures.  Water  was  observed  to 
move  from  an  oversaturated  cathode  stream  to  a  saturated  anode 
stream  in  the  absence  of  a  pressure  gradient,  which  suggests  the 
liquid  water  present  at  the  cathode  created  a  concentration  gradient 
within  the  membrane  even  when  the  anode  stream  was  saturated, 
a  corollary  of  the  Schroder’s  Paradox.  No  hysteresis  was  observed 
during  RH  sweep  at  the  cathode  feed.  Imposing  a  lower  pressure  at 
the  anode  side  did  not  enhance  the  transfer  of  water  because  the 
pressure  difference  was  too  small  compared  to  capillary  forces.  The 
Paradox,  together  with  lower  resistance  of  liquid  adsorption  and 
thermo— osmotic  drag,  helped  to  explain  the  result  that  in  a  running 
fuel  cell  the  membrane  could  take  up  the  generated  water  even  if  the 
cathode  feed  was  saturated.  Further  investigations  should  be  carried 
out  in  the  future  to  fully  understand  the  phenomenon. 

Appendix  A 

Assuming  equal  variance  throughout  the  experiments,  a  t 
statistic  can  be  calculated  using  the  following 


T.C.  Yau  et  al.  /  Journal  of  Power  Sources  224  (2013)  285-289 


t  =  X1  ~x2 

Sxlx2 

with  pooled  standard  deviation 


(9) 


and  ni  +  n2  -  2  degrees  of  freedom,  xf  and  sxl  are  the  mean  and 
standard  deviation  of  the  data  with  saturated  cathode  (RHc  =100%) 
and  n\=2  samples,  X2  and  sx 2  are  the  mean  and  standard  deviation 
of  the  data  with  oversaturated  cathode  (RHc  >  100)  and  112  =  8 
samples. 

For  a  paired  t  test  with  1134  pairs  of  sample  x3  and  X4,  the  t 
statistic  is  given  by 


x3  ~  x4 
534^^34 


(H) 


where  S34  is  the  standard  deviation  of  the  difference  between  the 
matching  pairs  of  X3  and  X4.  The  degree  of  freedom  is  given  by  n3 4— 1. 
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